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Liver samples and real-time RT-PCR Samples came from resected or explanted livers with HCC of patients treated in Bordeaux from 1992 to 2005. Fragments of fresh tumor and non-tumor liver tissues (taken at a distance of at least 2 cm from the tumor) were either snap-frozen in liquid nitrogen and stored at 80 C, or fixed with formalin and embedded in paraffin. 104 HCC samples ( ) were used for real-time −°supporting Table 1 RT-PCR analysis. 18 non-tumor liver samples were used as a control group. RNA extraction and real-time RT-PCR were performed as described ( , ) . Pre-developed sequence detection reagents specific for human gene (Applied Biosystems, Courtaboeuf, 2 20 RUVBL1
France) were used as described ( ) using the 2 method ( ). Gene expression results were normalized to internal control 20 CT 
−ΔΔ

ribosomal 18S.
Immunohistochemistry
This was done as described ( ) using a mouse monoclonal Pontin antibody ( ) diluted to 1.6 g/ l.
2 22
μ μ
Transient transfection of small interfering RNA (siRNA)
We used two targeting siRNAs for each Reptin (R1 and R2 ( )) and Pontin mRNAs (P1 and P2, ). Controls were 2
Supporting Table 2 either scrambled R2 and P2 sequences, or the GL2 siRNA targeting Firefly luciferase (MWG, Ebersberg, Germany). siRNAs were transfected at a concentration of 125nM with Lipofectamine (Invitrogen, Cergy Pontoise, France).
Cell proliferation assay and caspase 3 activity measurement
Cells were counted with a Coulter counter (Beckman Coulter, Villepinte, France) in duplicate wells. DNA synthesis was measured by the quantification of bromodeoxyuridine (BrdU) incorporation, and caspase 3 activity with a colorimetric assay ( ). 2
Western blot
Cell extracts were prepared in RIPA buffer ( ). We used Reptin, -catenin (BD Biosciences, Pharmingen, Le Pont de Caix, France), 23
β FLAG-M2, -actin (Sigma-Aldrich, Saint-Quentin Fallavier, France) mouse monoclonal, and Pontin rabbit polyclonal (ProteinTech, β Chicago, IL) antibodies. Primary antibodies were detected by horseradish peroxidase conjugated, or infrared dye-labeled secondary antibodies (LI-COR, Lincoln, NE). Detection was achieved with the ECL kit (GE Healthcare, Saclay, France) or the Odyssey IR imaging system (LICOR), respectively.
Polyribosome fractionation
KGL2 and KR2 cells lines stably expressing an shRNA targeting Firefly luciferase or Reptin, respectively, in a doxycycline-dependent manner ( ), were cultured with or without doxycycline. Cycloheximide (100 M) was added ten minutes before cell Supporting Methods μ lysis. Sucrose-gradient fractionation and polysome-associated RNA purification were as described ( ). RNAs were analyzed by cDNA 24 synthesis and PCR amplification.
Metabolic labeling and immunoprecipitation
KGL2 and KR2 cells were stably transduced with a lentiviral vector coding HA-Pontin resulting in KGL2-HAP and KR2-HAP cell Statistical analyses were performed using the 2-tailed Student t test, or 1-way analysis of variance (ANOVA) when comparing multiple means. Statistical significance was set at a p value of less than 0.05. Correlations between mRNA levels of expression and qualitative variables were calculated with the non-parametric Kruskal-Wallis test with STATA software (Stata Corp., College Station, TX). The ages of patients and diameters of the tumors were partitioned with a median. For survival analysis, expression data were logarithm 10-transformed and dichotomized according to the median. Survival comparisons were done by log-rank test. Survival curves were obtained by the Kaplan-Meier method. Multivariate analyses were performed using Cox model. All survival analyses were performed using STATA software 8.2.
Results
Pontin is overexpressed in human HCC
There was a 3.9-fold increase in Pontin transcripts in HCC as compared to non-tumor livers ( , p<0.0004). Pontin mRNA levels 
Pontin silencing reduced cell proliferation and induced apoptosis
Pontin mRNA level was significantly reduced with P1 (70 13 ) and P2 (77 12 ) siRNAs ( ). The siRNAs also greatly % ± % % ± % Fig. 2A decreased Pontin protein expression (78.6 6.9 with P1 and 87.7 9.0 with P2) ( ).
% ± % % ± % FLAG-Reptin resistant to the R2 siRNA ( ). Altogether, these results showed that the down-regulation of Pontin was a direct Fig. 3D consequence of the silencing of Reptin and reciprocally.
We then asked if our findings were specific of HuH7 cells. We examined the consequences of Reptin or Pontin silencing in another human liver cell line (HepG2), in human breast cancer cells (MCF7), in human prostatic cancer cells (LNCap) and in Hela cells. We also tested the co-extinction of Pontin after transfection of the R2 siRNA in mouse (Hepa 1 6) or rat hepatoma cells (FAO). In every case, we -observed a concomitant reduction of Reptin and Pontin protein levels ( ). These results argued in favor of a general rather Supporting Fig. 3 than a cell-specific process for regulation of Pontin and Reptin expression.
Reptin silencing does not decrease Pontin mRNA level (and reciprocally)
Reptin and Pontin interact with transcription factors and bind to gene promoters (reviewed in ( )). We thus hypothesized that they 4 could regulate reciprocally their expression through a transcriptional mechanism. However, transfection of Pontin siRNAs did not alter
Reptin mRNA levels, whereas as expected, Pontin mRNA decreased. Reciprocally, Reptin, but not Pontin mRNA levels were efficiently silenced with Reptin siRNAs ( ). Fig. 4A B As an additional control, we tested whether Reptin produced from an mRNA devoid of its natural regulatory sequences would also be depleted upon transfection of a Pontin siRNA. We used HuH7 cells stably expressing N-term FLAG-tagged Reptin from the viral MND promoter ( ). We found that the level of both endogenous and Flag-tagged Reptin was decreased after transfection of Pontin specific 2 siRNAs ( ). We obtained similar results with HeLa cells expressing FLAG/HA-tagged Reptin or Pontin from the CMV Supporting Altogether, these experiments allow concluding that the reduction of Reptin or Pontin protein levels upon silencing of the respective binding partner is not related to a transcriptional effect, and thus occurs by a post-transcriptional mechanism.
Reptin silencing does not alter Pontin mRNA translation (and reciprocally)
Given the pleiotropic role of Reptin and Pontin, we hypothesized that they might regulate their partner s translation. This was tested profile and were found all along the gradient, with an enhancement in the heaviest fractions, associated with polyribosomes. As expected, in doxycycline-treated KR2 cells, Reptin mRNA became barely detectable, whereas the profile of Pontin mRNA was unchanged as compared to that in KGL2 cells, and its distribution over the fractions was similar to the profile of GAPDH mRNA. When cells were incubated with puromycin for one hour prior to extraction, the profile of Pontin and GAPDH mRNAs shifted from heavy fractions to the top of the gradient ( ). Because puromycin is a polypeptide chain terminator that causes premature termination of translation, our 
Reptin silencing induces Pontin destabilization
Because Pontin and Reptin form a stoichiometric complex, we hypothesized that down-regulation of one of the two partners could disturb this stoichiometry and lead to post-translational destabilization of the binding partner. We thus measured Pontin half-life using metabolic labeling-chase experiments. Newly synthesized HA-Pontin was less stable upon Reptin silencing as shown by a significantly reduced half-life as compared to control ( 66.6 7.6 118 21 min, p 0.002) ( ). Because the proteasome is the major
intracellular proteolytic machinery in higher eukaryotic cells, we tested its involvement using specific inhibitors. shows that Fig. 6B C -MG132 was able to prolong the half-life of HA-Pontin in both Reptin-repleted and depleted conditions. The effect of Reptin depletion was specific since it did not alter the half-life of calnexin tested as a control ( ). Fig. 6D We then asked if proteasome inhibitors could restore Pontin steady-state level in Reptin-depleted cells. We performed many experiments using a variety of experimental settings. For instance,
shows an experiment where, three days after induction of Fig. 7A Reptin shRNA expression, HuH7 cells were treated with MG132 or epoxomycin for 4h. This did not modify the co-depletion although effective inhibition of the proteasome was confirmed by the accumulation of higher molecular weight forms of -catenin, a proteasome β target ( ). Similar results were seen when using other MG132 concentrations, duration of treatment, or with other inhibitors such as 25
-Lactacystin--lactone (not shown). We hypothesized that if the stabilizing effect of proteasome inhibition was restricted to newly clasto β synthesized protein chains, our experiments might not be sensitive enough to detect an accumulation of proteins within the short time course of the experiments. We thus repeated them using HuH7 cells that stably express HA-Pontin. These cells have high levels of Pontin mRNA (not shown), and interestingly a higher rate of Pontin translation than control cells ( ). They do however overexpress very Altogether Since in most cases proteins are targeted to the proteasome following poly-ubiquitylation, we examined the stability of newly synthesized Pontin in the presence of the ubiquitin activating enzyme inhibitor UBEI-41 (Biogenova). We found indeed that newly synthesized Pontin stability was enhanced in cells with Reptin depletion when they were treated with UBEI-41 ( ). We also Fig. 8A performed the reverse experiment. We first showed that the stability of newly synthesized Reptin was reduced upon Pontin silencing (Fig.   , compare lanes 2 and 6) , an effect reverted in great part by proteasome inhibition ( ). Furthermore, Reptin stability in 8D Fig. 8D Pontin-depleted cells was also largely restored following inhibition of ubiquitin activating enzyme ( ). These data proved that an Fig. 8D ubiquitylation step was involved in the destabilization of Pontin and Reptin in this setting.
We next attempted to detect whether Pontin and Reptin underwent polyubiquitylation upon silencing of their partner. Because endogenous ubiquitin might be limiting, and in order to maximize the sensitivity of detection, we transduced KR2 cells with adenoviral vectors (kindly provided by H. Wodrich, Bordeaux) expressing either HA-ubiquitin and GFP, or GFP alone. After 3 days with or without Dox, the proteasome was inhibited with epoxomycin in order to allow accumulation of ubiquitylated proteins, and ubiquitin was precipitated using the HA tag. Western blot with a Pontin antibody failed to reveal ubiquitylated Pontin whereas ubiquitylated -catenin 
Discussion
We show that Pontin is overexpressed in a large series of human HCC. High levels of Pontin mRNA were associated with features of poor prognosis. Using a multivariate analysis, we even found that Pontin level was an independent factor of poor prognosis when taking into account other poor prognosis factors including the presence of vascular embolism. In addition, in vitro experiments showed that Pontin was required for HCC cell growth and viability. All these findings, also including the cytoplasmic localization of Pontin in tumor cells, are highly reminiscent of those that we obtained with Reptin ( ) and are in keeping with the known association of Pontin with 2
Reptin into functional complexes ( , ). 4 5
Surprisingly, silencing experiments led to a similar co-depletion of Pontin and Reptin, as recently found in HeLa cells ( ). Our 13 results were extended to a series of human cells from liver and non-liver origin and to other species, suggesting that co-depletion of Reptin and Pontin is a general finding. We demonstrate that Pontin and Reptin co-depletion is linked to a post-translational regulation since no changes in mRNA levels nor in translation were observed following silencing. On the other hand, we show that the stability of newly synthesized Pontin is reduced when Reptin is previously depleted, and reciprocally. This defect can be reverted when using a proteasome inhibitor. In addition, we show that proteasome inhibition is able to increase Pontin steady-state level whether Reptin levels are high or low. Proteasome inhibition had on the other hand no effect on the residual low levels of Reptin consecutive to RNAi. Together with our results with cycloheximide, this suggests that the restoration of Pontin levels due to proteasome inhibition is mainly the consequence of stabilization of newly translated Pontin, whereas no effect is seen for Reptin which translation is impaired because of RNAi. We suggest that Pontin and Reptin heteromers are formed immediately upon completion of translation, likely co-translationnally. In that case, in the absence of its partner, newly translated Pontin or Reptin cannot be correctly folded and is targeted for proteasomal degradation. This is also in agreement with our data showing that Reptin and Pontin depletion follow identical kinetics upon use of any siRNA (Supporting ). It is also possible that Pontin and Reptin act as chaperones for each other. A chaperone role can be inferred from their presence in Fig. 7 a HSP90 complex conserved in human and yeast ( , ), their role in the assembly of the Ino80 complex in yeast ( ), and is coherent 26 27 28 with the fact that many other members of the AAA family are indeed bona fide chaperones ( ). In most cases, proteins undergo + 3 proteasome degradation following prior polyubiquitylation. Polyubiquitylation involves an ordered set of reactions beginning with activation of ubiquitin by the ubiquitin-activating enzyme E1 ( ). We thus used an E1 inhibitor and found that the stability of both Pontin 29
and Reptin was enhanced. We were however unable to directly detect polyubiquitylation of any of them even when ubiquitin was greatly overexpressed and proteasome inhibited. It may be that the sensitivity of ubiquitylation detection is still insufficient or that there is an intermediary protein that is ubiquitylated and regulates Pontin and Reptin turnover ( ). Further experiments are needed to clarify this 30 point.
Besides the co-depletion, results from our study also shed light on our previous observation that transduction of cells with a lentiviral vector coding Flag-tagged Reptin induced very little protein overexpression despite highly increased mRNA levels ( ). We obtained 2 similar data here with a vector coding HA-Pontin, and found that inhibition of proteasome enhanced the stability of newly synthesized Pontin and allowed a higher accumulation of Pontin ( ). This gives support to the hypothesis that the lack of high-level protein A co-depletion of proteins engaged in functional complexes has been already shown for instance in the case of the Ku70 Ku80 -heterodimer ( ) or the -secretase complex ( ). However, in no case were full mechanistic data provided. In addition, our findings are 31
unique in that we show that destabilization of the protein partner intervenes at an early post-translational stage.
From our findings, one would expect that the depletion of either protein would result in the same cellular phenotype. This is indeed what was observed in our experiments when comparing depletion of Reptin ( ) and Pontin (this study) on cell growth and apoptosis, and 2 also by others on the formation of RAD51 nuclear foci after DNA damage in prostate cancer cells ( ). In the yeast, genome-wide 11 microarray analysis after acute deletion of either protein showed a striking correlation between the genes regulated by each protein ( ). 6
More generally, knockdown, inactivation or deletion of either gene in Drosophila ( ) or yeast ( ) resulted in a similarly lethal 10 33
phenotype. These data have been interpreted as Pontin and Reptin having non-redundant functions. We suggest that they could be re-interpreted on the basis of the co-depletion of both proteins. Still, it is likely that Pontin and Reptin have some unique functions as suggested by several observations. Indeed, whereas Pontin depletion with siRNAs led to spindle defects in Drosophila S2 and HeLa cells, Reptin siRNAs had no effect ( ). Pontin and Reptin also antagonistically modulate -catenin transcriptional activity ( , , , ), 34 β 10 14 16 22 likely because they are incorporated into different complexes and differentially recruited onto target promoters ( , ). These apparently 9 35 unique functions may be due to a small pool of Pontin and Reptin not engaged in heteromeric complexes but present as monomers of homo-oligomers. Although structural studies suggest mostly hetero-complex formation ( , ), they do not exclude the possibility of 17 18 other forms ( ).
18
In summary, Pontin, like Reptin, is overexpressed in HCC and is required for HCC growth and viability. We demonstrate that the expression of both proteins is strictly co-regulated by a post-translational mechanism involving the proteasomal degradation of newly synthesized proteins. We also found that Pontin and Reptin expression are highly correlated at the mRNA level in HCC thus suggesting some additional co-regulation at the mRNA level. Altogether, the whole data indicate the importance to maintain a strict control of the stoichiometry between Pontin and Reptin for proper cell homeostasis and likely for their role in carcinogenesis.
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